Mutations in the secondary quinone electron acceptor (Q.) pocket of the D, protein conferring a modification on the donor side of photosystem II (PSII) have been characterized by gene cloning and sequencing i n two metribuzin-resistant mutants of Synechorystis PCC 6714. l h e mutations induce different herbicide resistances: i n M , , , a point mutation at the codon 248, isoleucine to threonine, results in resistance only to metribuzin; i n M , , , a single mutation, Alaz5'Val, confers metribuzin, atrazine, and ioxynil resistance. As with other herbicide-resistant mutants, M30 and M35 present modifications i n the electron transfer between the primary quinone electron acceptor (QA) and Qs. In addition, they have a modified oscillatory pattern of oxygen emission: after dark adaptation, the maximum oscillation i s shifted by one flash. Both mutants have a higher concentration of the redox state in the darkadapted state than the wild type. l h e mutations render the oxygenevolving system more accessible to cell reductants. The mutation AlaZs1Val also confers to PSll an increased sensitivity to high light. We have already demonstrated that under light stress a double mutant, AzV (Alaz5'Val, Phe'l'Ser), lost the ability to recover the PSll activity sooner than the wild type. Here, we confirm that the modification of the alanine-251 is responsible for this specific sensitivity to high light. We conclude that specific mutations of the Q. pocket modify the behavior of the cells under light stress and have an effect on the structure of the D1 protein in the other side of the membrane.
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PSII is the site of water oxidation and plastoquinone reduction (for recent reviews, see Babcock, 1987; Rutherford, 1989; Vermaas, 1991; Debus, 1992) . The D1 protein, one of the proteins at the core of PSII, is involved in both reactions; it contains the binding niche of the plastoquinone molecules, which serve as QB, and it also provides some of the ligands of the manganese cluster involved in the oxygen-evolving mechanism.
The plastoquinone molecule, which binds to a niche formed by a large hydrophilic loop connecting helices IV and V of D1 on the luminal side of the membrane, receives two electrons as a result of two separate photochemical events. After primary charge separation, a very rapid reduction of the QA occurs, and then the electron is transferred to Q B . This reaction is reversible and gives rise to an equilibrium between the states Q A -Q~ and QAQB-. After a second charge separation, Q B receives a second electron and leaves its site as QBH2. It is then replaced by an oxidized quinone (Velthuys, 1981; Wraight, 1981) .
On the other side of the membrane, four positive charges are generated by four successive photoreactions, and they are stored to oxidize two molecules of water to one oxygen molecule (Joliot et al., 1969; Kok et al., 1970) . Consequently, the oxygen-evolving complex can be in five different redox states (the S states) (Kok et al., 1970) . The oxygen is released during the transition from S3 to So in which S4 is a transient state with a lifetime of several milliseconds. S2 and S3 decay back to S1 in minutes, whereas So and SI have much longer lifetimes (Forbush et al., 1971) . Therefore, after sufficient dark adaptation, only So and S1 remain in the dark.
The QB pocket is also the binding domain of several classes of herbicides (Tischer and Strotmann, 1977) . By competing with Q B , these molecules prevent the electron transfer between Q A and QB and thus inhibit photosynthesis (Vermaas et al., 1983) . It was shown that herbicide resistance results from mutations of one or two amino acids in the Q B pocket region. Therefore, a way to study the consequences of modifications of the structure of D1 on the function of PSII is to use herbicide-resistant mutants.
Our group has selected DCMU-, atrazine-, metibuzin-, and ioxynil-resistant mutants of Synechocystis 6714, which presented changes in Ser264, Alaz5', Phe255, PheZ1', and Asn266, in the QB pocket of D1 (Ajlani et al., 1989a, 198913; Kirilovsky et al., 1989; Creuzet et al., 1990) . The influence of these mutations on the electron transfer within PSII was studied, and the effect generally observed was a lowering of the efficiency of electron transfer between QA and Q B , which is attibuted to a change in the apparent equilibrium constant between QA-QB and QAQB- (Etienne et al., 1990) .
We also studied the influence of the Q B pocket structure on the light sensitivity of PSII (Kirilovsky et al., 1988 (Kirilovsky et al., , 1989 (Kirilovsky et al., , 1990 . Exposure of photosynthetic organisms to high light intensity induces a quenching of fluorescence, an inhibition of PSII activity, and a specific damage and proteolysis of D1 (photoinhibition; for a recent review, see Prasil et al., 1992) . If exposure of photosynthetic cells to high light intensity is not too long, PSII activity can be restored. The well-known rapid tumover of D1 is thought to allow for optimal function-'T.M. i s supported by Instituto Nacional de Investigaciones Plant Physiol. Vol. 104, 1994 ing of PSII. D1 is removed and replaced as fast as it is damaged. During photoinhibition, the damage is so fast that the repair can no longer keep up with it.
Long ago it was proposed that the Q B pocket was the first site of light damage (Ohad et al., 1985) . Moreover, a specific part of the hydrophilic loop between amino acids 238 and 249 was proposed to be the first cleavage of D1 (Greenberg et al., 1987) . We have demonstrated that a specific herbicideresistant mutant of Synechocystis 6714, AzV (AlaZ5lVal, PheZ1lSer), presented an increased high light sensitivity (Kirilovsky et al., 1988 (Kirilovsky et al., , 1989 . Under light stress, AzV cells lost the ability to recover PSII activity sooner than wild-type cells. Moreover, we observed that the rate of inactivation of water to Q A electron transfer was faster in the mutant than in wildtype cells, whereas the rate of fluorescence quenching and of inhibition of the electron transfer from Q A to Q B was similar in both types of cells. We then described the phenotype of a metribuzin-resistant mutant of Synechocystis, M30, which displayed an obvious modification of the oxygen-evolving system (Kirilovsky et al., 1991) .
In this paper we describe the point mutation present in the above-mentioned M30 mutant. We also present the genotype and phenotype of another metribuzin-resistant mutant that displays the same modifications in the oxygen-evolving system and an increased sensitivity to high light intensity. The present study allows us to demonstrate that speafic mutations located in the QB pocket have a long-range effect on the properties of the other end of the D1 protein. It also enabled us to confirm that indeed the D1 structure in the QB domain influences the rate of photodamage and recovery in vivo.
MATERIALS AND METHODS

Strains, Crowth Conditions, and Mutant lsolation
Wild-type and mutant cells of Synechocystis PCC 6714 and PCC 6803 were grown in the mineral medium described by Herdman et al. (1973) with twice the concentration of nitrate. The cells were grown in a rotatory shaker at 34OC in a C0,-enriched atmosphere under illumination from fluorescent light of about 70 pE m-'s-'.
DNA lsolation
Genomic DNA from M30 and M35 mutants of Synechocystis 6714 was isolated from exponential cultures by the procedure of Marmur (1961) adapted to Synechocystis, .after ovemight mild penicillin treatment (50 units mL-I), which facilitated cell lysis. Plasmid extractions from ovemight cultures of Escherichia coli were performed as described by Toneguzzo et al. (1988) .
Hybridization Analyses
DNA restriction fragments were transferred from gels to nitrocellulose filters as described by Southem (1975) . Transfer of X DNA from plaques to nitrocellulose for hybridization screening was performed as described by Maniatis et al. (1982) . Filters were prehybridized for 2 h at 42OC in 3X SSC (0.45 M NaCI, 0.045 M sodium citrate [pH 7]), 0.1% SDS, and 50% formamide for high-stringency hybridization. Nicktranslated DNA used as a probe was denatured by boiling for 10 min before addition to the hybridization solution (same composition as the prehybridization solution). After 16 to 20 h of hybridization, the filters were washed twice for 1 h in 3X SSC, 0.1% SDS at 6OoC, and autoradiograms were made on Kodak XAR 5 film at -7OOC with Dupont intensifying screens.
Cloning Experiments
Cenomic Library Construction Phage XEMBL3 libraries were constructed following the procedure of Kaiser and Murray (1985) . XEMBL3 DNA was double digested with BamHI and ligated to 15-to 20-kb size fractions (electroeluted from 0.8% agarose gels) of Synechocystis 6714 DNAs digested with BamHI. Ligation mixtures were packaged and then plated on E. coli P2 392. This procedure allows genetic selection against the central stuffer fragment of XEMBL3. Libraries were screened by plaque hybridization using a nick-translated psbAI gene probe from Synechocystis 6714. Hybridization-positive X clones were purified, and X DNA was prepared by rapid miniprep (Grossberger, 1987) .
DNA Subcloning and Sequence Analysis
Selected X DNAs were isolated from large-scale 500-mL lysates of the appropriate recombinant phage as described by Maniatis et al. (1982) . For M30, 2-kb EcoRI-HindIII fragments were subcloned in a Bluescript plasmid. The recombinant plasmids were digested with KpnI. DNA fragments of 0.2, 0.4, and 0.7 kb were subcloned again in Bluescript to perform dideoxy chain tennination sequence reactions on doublestranded DNA templates, using a Sequenase kit, according to the method of Toneguzzo et al. (1988) . Oligonucleotide sequencing primers were synthesized on a Milligen 7500 DNA synthesizer. For M35, the 2-kb EcoRI-HindIII fragment was electroeluted from the agarose gel and directly digested by KpnI. The 0.7-kb fragment was subcloned in Bluescript and sequenced.
Transformation of Synechocystis 6803
Exponentially growing wild-type Synechocystis 6803 cells (0.5 mL, 2 X 10' cell mL-') were mixed in 2.5 mL of top agarose and plated on "um medium. Each cloned DNA (10 pL, 0.5 pg pL-') was dotted onto this lawn of recipient cells. After the cells incubated for 24 h in light at 34OC, metribuzin was added by the underlaying technique to give a final concentration of 4.5 X 10-5 M for M30 and 10-4 M for M35. No spontaneous transformation leading to resistance to metribuzin was observed in the plate in which DNA was not added or in the control dot containing wild-type DNA. There were 20 to 50 colonies grown in the drop containing the 2-kb EcoRI-HindII fragment and 3 to 10 colonies grown in the drop containing the 0.7-kb KpnI fragment. The transformation experiment was repeated three times, and the variability in the leve1 of transformation efficiency between the experiments may reflect differences in physiological competence of the cells at the time of transformation.
Characterization of Synechocystis 6714 and 6803 Sensitivity to Herbicides
The sensitivity of whole cells to herbicides was detennined in wild-type, mutant, or transformant strains by measuring the concentration of herbicide needed to inhibit electron transfer between QA and QB in half of the PSII centers. This was done by monitoring the variable fluorescence in the presence of increasing concentrations of herbicides.
Photoinhibition and Recovery Experiment
Cells of Synechocystis 6714 wild type and M30, MS5, and AzV mutants were harvested by centifugation and resuspended in fresh medium containing 50 m~ Hepes (pH 6.8) at a final concentration of 30 pg Chl mL-'. The cell suspension (35 mL) was incubated at 21OC in a glass tube (3 cm diameter), refrigerated by cooled water, and illuminated by four Atralux spots of 150 W (each giving an intensity of about 1000 pE m-' s-'). The cells were gently stirred by a magnetic bar. At 30, 45, and 60 min, 10 mL of cell solution were transferred from high light to low light. For the recovery the cells were incubated at 34OC in a rotatory shaker under an illumination of 70 pE m-'s-'. Photoinhibition and recovery were followed by fluorescence measurements. The Fmax level was determined in the presence of 10-5 M DCMU.
Formate Effect
We measured the effect of different concentrations of formate on the variable Chl a fluorescence, i.e. fluorescence above the F, level. The cells were diluted to 1 pg of Chl mL-', and different concentrations of formate were added. After formate was added, the cells were incubated in the dark for 15 min before the fluorescence measurements began.
Fluorescence Measurements
Fluorescence induction during the first tenths of milliseconds was followed with a fluorimeter (Vemotte et al., 1982) . The fluorescence was excited with a tungsten lamp through 5-59 and 4-96 Coming filters. The fluorescence was detected in the red region through a 2-64 Corning fdter and Wratten 90 filter. The recordings were made with a multichannel analyzer. The cell suspension contained about 1 pg of Chl mL-'.
Oxygen Measurements
The amount of oxygen produced per flash during a sequence of saturating flashes was measured with a rate electrode equivalent to that described by Joliot and Joliot (1968) . The short (5 ps) saturating flashes were produced by a Strobotac (General Radio Co., Concord, MA). The spacing between flashes was 0.5 s. Cells (500 pg of Chl mL-') were dark adapted for 5 min prior to each flash sequence (unless othenvise mentioned). Oxygen evolution was measured at 25OC by polarography using a Clark-type oxygen electrode with saturating white light in the growth medium in the presence of 2 m~ DCBQ as an electron acceptor.
Thermoluminescence Measurements
Thermoluminescence was measured in a home-built apparatus as described by Ducruet and Miranda (1992) . For measurements of the S~QB-band, the samples were incubated at room temperature in the dark for 5 min and then a flash was given at -lO°C, and the sample was immediately frozen in liquid nitrogen. The thermoluminescence signal observed upon heating the sample was analyzed as described earlier (Ducruet and Miranda, 1992) .
Preparation of Thylakoids Membranes
Cells from a culture reaching an optical density of 1 to 1.5 at 580 nm were harvested by centrifugation at 9000 rpm for 15 min in a JA-10 Beckman rotor (about 9000g) at 4OC. The pellets were resuspended in 20 m~ Hepes-NaOH (pH 6 4 , 5 m~ CaCl', 5 m~ MgC12, and 25% (v/v) glycerol (buffer A) and then pelleted again by centrifugation. The cells were resuspended in 40 to 60 mL (final volume) of buffer A containing 50 pg mL-' of DNase, 1 m~ caproic acid, 1 m~ benzamidine, and 1 m~ PMSF. The cells were added to a beadbeater chamber (100 mL) (Bio-spec Products, Bartlesville, OK). The chamber was then filled with 0.1-mm diameter glass beads and incubated on ice for 60 min in the dark. The cells were broken in darkness with five to seven cycles; a cycle consisted of a 20-s 'on phase" and 5-min 'off phase." The beadbeater chamber was cooled by an ice/water mixture in the outer jacket. The cellular material was separated from the beads by decantation, and the beads were washed four to five times with a total of about 200 mL of buffer A. The cellular material was then centrifuged for 5 min at 5000 rpm in a JA-20 Beckman rotor (about 2000g) to pellet unbroken cells and residual beads. The membrane fragments in the supernatant were pelleted by centrifugation at 48,000 rpm for 20 min in a 70 Ti Beckman rotor (179,OOOg). The pellet was resuspended in buffer B, which was identical with buffer A except that it contained 20 m~ CaCh rather than 5 m~ CaC12, and pelleted again once or twice. These additional washings removed the phycobiliproteins from the membranes. The pelleted thylakoids were resuspended in Buffer B to give a Chl concentration of about 1.2 to 1.5 mg mL-' and were frozen at -8OOC.
RESULTS
Mutant Selection and Herbicide Resistance
The three spontaneous mutants described in this paper were selected from wild-type Synechocystis 6714 in the presente of atrazine or metibuzin. AzV was derived from a simple mutant AzI (screened by 10-4 M atrazine) in the presence of 2.5 x 10-4 M atrazine. M3,, and M35 were selected in the presence of 5 X 10-5 M metribuzin. Their sensitivity to herbiades is shown in Table I . M3,, is only resistant to metribuzin, whereas AzV and MS5 are resistant to atrazine, metibuzin, and ioxyml. The three mutants remain sensitive to DCMU. The Synechocystis 6714 genome contains three copies of psbA: two homologous copies, psbAI and psbAII, and a divergent copy, psbAIII (Ajlani et al., 1989a (Ajlani et al., , 1989b . The two homologous copies are expressed, but Bouyoub et al. (1993) demonstrated that in herbicide-resistant mutants the psbAII copy is much less expressed than psbAI; 95% of D1 found in the membrane is coded by psbAI (Bouyoub et al., 1993) . Moreover, only the copy psbAI cames the mutations (Bouyoub et al., 1993) . The copy psbAI of the mutants was cloned and sequenced.
The cloning and sequencing of the AzV mutant have already been described (Kirilovsky et al., 1989) . The sequence of the psbAI gene of AzV showed two nucleotide changes leading to the modification of Phe211 to Ser and of Ala25' to Val.
The psbAI copies from M30 and M35 were identified by screening a XEMBL3 library, containing 15-kb BamHI DNA fragments, with radioactive psbA-specific probes (see 'Materials and Methods"). The isolated 15-kb fragments with the psbAI copy were subsequently digested with the restriction endonucleases EcoRI and HindIII, obtaining a 2-kb DNA fragment that hybridized with the radioactive psbA probe. The 2-kb fragment was digested directly by KpnI for the M35 mutant or subcloned in a Bluescript and then digested by KpnI for the M30 mutant. This digestion generated four fragments of 0.2, 0.4, 0.7, and 0.8 kb (Fig. 1) . The sequence coding for the QB pocket of D1 in Synechocystis 6714 is localized in the 0.7-kb KpnI fragment (Ajlani et al., 1989a (Ajlani et al., , 1989b . Because a11 of the mutations shown to confer herbicide resistance were found between amino acid residues 2 11 and 275, we decided to subclone and sequence the 0.7-kb fragment. The analysis of the 0.7-kb fragment sequences of MS0 and M35 showed a single nucleotide change in each mutant with respect to the wild type. In the M30 the nucleotide change ATC to ACC results in the modification of IleZ4' to Thr. In M35 the nucleotide change GCC to GTC was observed leading to replacement of Ala251 to Val (Fig. 2) .
To test whether these mutations were the only ones responsible for the whole phenotype of M30 and M35, we transformed wild-type cells with the 2-and 0.7-kb KpnI fragments isolated from M30 and M35 and tested the phenotypes of the transformed cells. Synechocystis 6803 was utilized as the recipient strain, because Synechocystis 6714 is poorly transformable. In Synechocystis 6803, there are also two homologous copies of psbA. (psbAII and psbAIII) (Metz et al., apparent destabilization of S1. Therefore, no other part of the protein or other gene is involved.
Oxygen Oscillatory Patterns: So,S1 Dark Distribution,
Misses, and Double Hits
Because So and S1 states of the Kok S cycle are the only states present in the dark, activation by a train of saturating flashes of dark-adapted samples produces a period of four oscillations in the amount of oxygen per flash.This oscillatory pattem is damped by the occurrence of misses and double hits on each state transition. The larger oscillations are found in isolated thylakoids when the S1 concentration is maximal and the misses are minimal. In cells of algae and cyanobacteria, the amplitude of the oscillations and the number of flashes needed to reach a stationary yield are never as large as in the in vitro situation. However, the first maximum is, in most cases, on the third flash, and this is due to an initial concentration of S1 larger than the concentration of So.
In the M30 and M35 metribuzin-resistant mutants, the oscillatory pattem is obviously modified. The first oxygen maximum is shifted to the fourth flash, and the damping of the oscillations is increased (Fig. 3) . The same tendency, although weaker, is noticeable in the double mutant, which also contains the Ala251Val substitution (AzV mutant) (Fig. 3) .
In the framework of a simple photochemical model, misses are produced by centers that do not tum over during a flash; double hits are due to centers that accomplish two charge separations during a flash. Modifications of the equilibria on the donor or acceptor side can influence the amount of misses and double hits. The ratio of the dark concentration of SO and SI will influence the position of the maxima of the oscillations: Even if the miss parameter remains small, when the concentration of So is larger than the concentration of SI, a shift from the third to the fourth flash is predictable.
The dark concentration of So,Sl and the miss and doublehit parameters can be computed by the use of different fitting procedures. We used the matrix analysis developed by Lavorel (1976) as the "u analysis." Three sets of values for the three u's were computed with seven consecutive flashes starting on the first, then the second, and then the third flash of each experimental sequence. Averaged values for a (miss parameter), / 3 (single-hit parameter), (double-hit parameter) were computed; then only the initial values of So and S1 were estimated (they are not necessary for the detennination of the three u's). The following assumptions are used in the program: The miss parameter is the same for a11 state transitions, the amplitudes are not set free, and the initial concentrations of S2 and S3 are set equal to zero for the estimation of the initial concentrations of SO and SI (Lavorel, 1976) .
The computer analyses, using this fitting procedure, repeatedly indicate an increased So concentration and larger misses for the MS0 and M35 mutants (Table 11 ). These two mutants also present a very large double-hit parameter that is hard to take into account in a simple explanation (Table  11) . Moreover, as shown in Figure 4 , for the M30 and M35 mutants, the fit is not as accurate as that seen for the wild tYPe.
If the amplitudes are set free, it is also possible to fit the experimental data for the hvo mutants with a substantial increase of the miss parameter without significant changes in So concentration (this was kindly tried for us by Dr. H.J. van Gorkom). The substantial increase of misses is hard to believe for severa1 reasons. The second maximum should have been shifted to a further flash than the eighth flash, and this was not experimentally found. Such an increase in misses would also notably reduce the average yield per flash for an equivalent number of active centers in wild type and mutants, and this is not the case. The oxygen yield under flashing light or continuous illumination with DCBQ as an electron acceptor is equivalent for a11 strains, and the amplitudes of the variable fluorescence that are indicative of the number of PSII centers are also equivalent. Therefore, the increase of the SO concentration seems more likely to us. The increased value of the computed So concentration after 5 min of dark adaptation may correspond to a true reduction of S1 or to electron donation by an electron donor competing with the oxygen-evolving complex (such as Tyr D of DZ). If no such reduction occurs, the S1 concentration reached after deactivation of both S2 and S3 should be close to 75% and the concentration of So should remain close to the 25% reached during illumination (this is what is found in vitro for short, dark incubations). We have previously shown, for the M30 mutant, that no change in the dark stability of Tyr D+ occurred, and the same is true for MS5 (data not shown).
If the dark reduction of S1 is a slow process compared to the deactivation of the higher S states, its concentration will depend on the dark incubation time. Figure 5 shows that in
AzV and M30 cells the equilibrium was not reached after 5 min of dark adaptation. The So/SI ratio continued to increase with the prolongation of the time of dark incubation. The SO concentration was already larger in M30 cells than in AzV cells after 5 min of dark incubation. In wild-type and M35 cells, the steady-state concentration of So and S1 was already reached after 5 min of dark adaptation. However, the concentrations reached at equilibrium were different in wildtype (So, 40%; S1, 60%) and M35 cells (So, 60%; S1, 40%).
The destabilization of SI in the M30 and M35 mutants is not an intrinsic property of the reaction center itself. After benzoquinone pretreatment of whole cells or after isolation of thylakoids, these mutants displayed an oxygen sequence close to that of the wild type with a maximum shifted back to the third flash (Fig. 6) . The spike recorded on the first flash, after benzoquinone treatment, is due to an artifact produced by some residual benzoquinone and not to oxygen production .
The Stability of the Sz State
The state S2 is deactivated in the dark by recombination with the negative charge stored on the acceptor side. After charge stabilization, the negative charge is shared between QA and Qe. The recombination S2QA-is more rapid and needs less energy than the recombination S~QB-. On the other hand, a destabilization of QB-decreases the energy needed for the S2QB-recombination. The decay kinetics of the Sz state and the temperature of the thermoluminescence B band give information about the equilibrium QA-/QB-and the stability of QB-in wild-type and mutant cells. The back reaction S2Qa-to SlQB can be studied with the oxygen rate electrode by varying the time between the first and subsequent flashes (Bouges-Bocquet et al., 1973) . The overall half-time was about 27 s for the wild type and about 14 s for M30, M35, and AzV.
The back reaction can also be studied by thermoluminescence measurements. A dark-adapted sample can be rapidly frozen (-40°C) after a saturating preflash fired at -1OOC. During a slow warming of the sample, luminescence will be emitted when the temperature is sufficient to provide the activation free energy needed for recombination. The thermoluminescence Q band, obtained in the presence of DCMU, is due to the SZQA-recombination and the B band is due to the SZQB-(or SBQB-) recombination (Rutherford et al., 1982; Demeter and Vass, 1984) . The temperature corresponding to the peak of the Q band was equivalent in wild-type and mutant cells (13-15OC) (Table 111 ). On the other hand, a large shift of the B band toward lower temperatures was observed in the mutant cells in comparison with the wild type. The same shift was observed in the isolated thylakoids (Table IV) . The results for S2 deactivation indicated that QB-recombined more easily in the mutants than in the wild type because of the modification of the QB pocket. The stability of QA-was not modified in these mutants.
Moreover, the temperature of the maximum of the B band presented a different pH dependence in the mutants than in the wild type (Table IV) . The SzQB-state was destabilized by increasing the pH in the wild-type cells, whereas it was stabilized in the mutants. This result might suggest that (a) different amino acids were involved in the protonation of the QB pocket; (b) the pK of the amino acid involved was changed by the mutation; (c) the QA-QB equilibrium is shifted toward the left in the mutant so that the relative contribution of the low pH stabilization of QB-is lower.
Photoinhibition
We tested the behavior of wild-type and mutant cells under high-light illumination. The photoinhibition was foliowed by fluorescence and oxygen evolution measurements. During exposure of Synechocystis cells to high light, a specific quenching of F,,, followed by inhibition of the oxygen-evolving activity is observed (Kirilovsky et al., 1988) . The kinetics of fluorescence quenching and of the inhibition of the oxygenevolving activity measured with DCBQ were similar in the wild type and the three mutants (Fig. 7) .
The PSII inhibition can be reversed if the cells are transferred to low light. During the recovery, the damaged D1 protein is replaced and the PSII activity recovered (Kirilovsky et al., 1988) . The recovery of samples photoinhibited for 30, 45, and 60 min was followed by fluorescence measurements ( Fig. 8) . The duration of the photoinhibitory treatment influenced the rate of recovery and the lag period before recovery in the four types of cells. The wild type was still able to recover after 60 min of photoinhibition, whereas the recovery of AzV cells after 45 min of photoinhibition was severely impaired (Fig. 8) . M35 presented an intermediate behavior, whereas M30 behaved like the wild type (Fig. 8) . These results
show that the recovery process depends on the structure of the QB pocket. However, there is no direct correlation between sensitivity to the light and the change in the oxygen emission phenotype.
Formate Effect
Bicarbonate is known to be necessary for sustaining a good electron transfer between QA and QB (for a review, see Blubaugh and Govindjee, 1988) . It binds in the region of the QB pocket and can be displaced by formate, which does not play the same role. Formate acts as an inhibitor of electron transfer between QA and QB with a slow tumover. Bicarbonate can in turn act as a good competitor to formate, and when bicarbonate is added the electron transfer is restored. Govindjee et al. (1990) showed a differential sensitivity of the bicarbonate-reversible formate effect in some herbicide-resistant mutants of Synechocystis 6714 (SeP4Ala, PheZ1'Ser, Ala521Val-Phe21'Ser). The only mutant that was more resistant to formate than the wild type was the AzV (AlaZ5Wal-Phe211Ser), which was the only one that presented a higher sensitivity to high light. Therefore, there seemed to be a correlation between the resistance to formate and the sensitivity to light. A modification of the properties of the Fe caused by the mutation of the AlaZ5' might explain both phenomena. The fact that now we can compare three mutants that are mutated in the same region of the protein but have different sensitivity to high light enables us to test the abovementioned hypothesis. Figure 9 shows that MS0, M35, and AzV present the same resistance to the formate. In the wild type, 20 m~ of formate inhibited about 50 to 60% of the PSII activity, whereas in the mutants only 20 to 30% of the PSII activity was inhibited. These results prove that there is not a simple relationship between sensitivity to light and binding of formate. However, we cannot dismiss the idea of a modification of the redox potential of the Fe in these mutants. We confirmed that AlaZ5l plays a significant role in the formate binding. Because the modification of IleZ4' also changes the binding of formate, we suggest that this portion of D1 is involved in bicarbonate binding.
DISCUSSION
We have described in this paper the genotype and phenotype of three mutants of Synechocystis 6714 with a modified QB pocket. A11 three presented an apparent destabilization of the S1 state in the dark. Two of them are more sensitive to high light than the wild type.
Metribuzin Binding
In the M30 mutant resistant only to metribuzin, the mutation is on the IIez4', which is substituted by a Thr. Another Wildner et al., 1990 ). In the M35 mutant, the Alaz5' is substituted by a Val. This mutation has a larger effect on the binding of metribuzin than on the binding of atrazine in Synechocystis. In an ioxynilresistant mutant that was isolated in our laboratory, we found that the mutation induced a slight resistance to metribuzin but not to atrazine or DCMU (Ajlani et al., 1989b) . Moreover, when this mutation was added to the mutation AlaZ5lVal or Ser264Ala a very large increase of the metribuzin resistance was produced (Astier et al., 1993) . The SeP4Ala mutation alone also has a large effect on the binding of metribuzin in Synechocystis. We propose that the bulky terbutyl group on the metribuzin molecule is oriented to IleZ4" and Alaz5'. The mutation of the Ala to a more bulky amino acid (Val) restricts the available space for this group. When the IleZ4" is replaced by the Thr with a higher pK and one OH residue, the binding of the metribuzin can be modified. The free amine group of metribuzin could be bound to the side chain hydroxyl of Ser264 and the carbonyl group to the amide group of the by hydrogen bonds. The second one might be weaker because of a greater distance between the carbonyl group and the Asnz66. The methylthiol group might be oriented to the helices IV and V.
Binding of Other Herbicides
The mutation Ala251Val also induces resistance to atrazine and ioxynil. The resistance to a11 herbicides was increased by the addition of a second mutation at Phe211. The interaction of ioxynil and the amino acids 251, 266, and 211 was described by Creuzet et al. (1990) . The mutation Ile248 to a Thr does not influence the ioxynil binding, although azido-atrazine binds to th'e Va1249 (Oettmeier et al., 1989) .
Qe Binding
We showed that the damping of flash-induced oxygen emission was increased, the deactivation of S2 was faster, and the B band of thermoluminescence was shifted to lower temperatures in the three mutants described. All of these changes are consistent with a decreased equilibrium constant for the reaction QA-QB + QAQB-. The mutations IleZ4*Thr, AlaZ5'Val, or Ser264Ala induced similar modifications on the electron transfer between Q A and Qe.
Oxygen Sequence Phenotype
In addition to changes in the electron transport between QA and Q B , the three mutants presented a modified distribution of S states depending on the duration of dark adaptation. We showed that the mutation AlaZ5'Val caused the largest modification of the oxygen sequence in Synechocystis. This phenotype was partially suppressed by a second mutation in Phe211. In Chlamydomonas reinhardtii, the mutation AlaZ5lVal induces a noncharacterized defect on the watersplitting side (Johanningmeier et al., 1987) . Another mutation (IleZ4"Thr), two amino acids away from AlaZ5l, also leads to a modification of the oxygen sequence in Synechocystis. The modified pattem of oxygen sequence (characterized by a shift of the first maximum to the fourth flash and an increased damping) was not produced by other mutations in the Q B pocket that modify the herbicide and the quinone binding as much as or even more than the mutation AlaZ5lVal (Etienne et al., 1990) .
Three different hypotheses can explain the apparent increase of So concentration in the dark: (a) reduction of the Tyr YD+ in the dark and subsequent fast reoxidation by S2 and S3 during the first flashes, (b) oxidation of an accessory electron donor by the first flash, and (c) slow dark reduction of SI by an unknown reductant present in the cells.
We have already shown for the M30 mutant (Kirilovsky et al., 1991) , and it is also true for the Ms5 mutant, that the amplitude of the EPR Tyr signal YDf was the same in the mutant cells (dark adapted for 5 min) as in the wild type and that the oscillatory pattem did not depend on the flash frequency. These results demonstrated that a modified interaction between the Tyr YD and the S states cannot be the cause of the apparent increase of So concentration.
If the apparent reduction of S1 in the dark was due to the oxidation on the first flash of an accessory donor localized in the PSII reaction center (i.e. Cyt bSs9), the same inversion of the Y4/Y3 ratio should be observed for the thylakoids isolated from M30 and M35 (assuming that the redox potential of the Cyt bS59 remained unchanged). This was not the case; the thylakoid flash sequence exhibited a maximum on the third flash (Kirilovsky et al., 1991) .
Therefore, we favor the hypothesis of a true destabilization of SI in the mutants due to a better accessibility of the oxygenevolving site to reductant molecules. After benzoquinone treatment, which may oxidize the endogenous reductants, Plant Physiol. Vol. 104, 1994 the oxygen pattern became classical and the So concentration after dark incubation was back to a value close to the theoretical25% (see Kirilovsky et al., 1991, for M30 data and Fig.  6 for M35 data) .
Thus, the results already published for the M30 mutant (Kirilovsky et al., 1991) and those described here for the M35 and AzV mutants suggest that the mutations Ile248Thr and AlaZ5lVal cause conformational changes of D1 that renders the oxygen-evolving system more susceptible to externa1 reductants. In wild-type cells, the concentration of SO after dark adaptation is already higher than the 25% found in chloroplasts. The mutations described here only change the equilibrium between So and SI, favoring the So state. These observations corroborate the fact that the oxygen-evolving system, even in its lower oxidized states, is not completely isolated from its environment and that endogenous oxidoreduction reactions occumng in the living cells can interact with it.
However, the fit between experimental and theoretical sequences is not good enough to be satisfactory, and the increase in double hits needed to fit the data obtained for the M30 and M35 metribuzin-resistant mutants cannot correspond to a real phenomenon. It has been obvious for severa1 years that the S cycle is not sufficient to fit a11 the data. This new type of mutant may enable better understanding of the true origin of the variations in the amout of oxygen produced by a train of short, saturating flashes.
Photoinhibition
The behavior of Synechocystis cells under high light intensity was described by Kirilovsky et al. (1988, 1990, 1991) . During photoinhibition of Synechocystis cells a large quenching of fluorescence followed by the inhibition of oxygen evolution was observed. We have shown that the electron transfer from Q A to Q B was the first step of the process leading to the total inactivation of PSII. Soon thereafter further damage occurred, and the electron transfer to Q A was inhibited. If exposure to high light was too long, the cell lost the ability to replace the damaged D1.
The double mutant AzV (Ala251Val-Phe2"Ser) presented a greater sensitivity to high light (Kirilovsky et al., 1988 (Kirilovsky et al., , 1990 (Kirilovsky et al., , 1991 . AzV cells reached a state faster than did wild-type cells from which they were not able to recover within some hours either the fluorescence variable or the oxygen-evolving activity. Moreover, we observed that the rate of fluorescence quenching and inhibition of the oxygen-evolving activity (measured with an electron acceptor from Q B or the plastoquinone pool) was similar in both types of cells, whereas the rate of inactivation of water to Q A electron transfer was faster in the mutant (Kirilovsky et al., 1988 (Kirilovsky et al., , 1991 . In vitro, experiments of photoinhibition of AzV and wild-type thylakoids indicated that the rate of proteolysis of D1 was slower in AzV than in the wild type (Kirilovsky et al., 1989) . The results may indicate that when the replacement of the damaged D1 is slowed down the appearance of more serious damage of the PSII is accelerated. Kirilovsky et al. (1989) proposed that Alaz5, was specially involved in the specific sensitivity to light of AzV (AlaZ5lVal-Phe211Ser). This hypothesis is now confirmed by the behavior of the M35 mutant. The M35 mutant (AlaZ5lVal) presented a greater sensitivity to high light, whereas the AzI mutant (Phe'I'Ser) behaved like the wild type (Kirilovsky et al., 1989) . We also observed that the change of Alaz5' to Val causes a larger modification of photoinhibition behavior than the replacement of IleZ4* by a Thr.
There was no correlation among the apparent destabiiization of S1, the effect of formate, and the sensitivity to light. The mutant M30 behaved like the wild type under high light but presented an apparent destabilization of S1. On the other hand, the addition of the second mutation Phe211Ser to the mutation AlaZ5Wal caused an increase of the sensitivity to the light but a decrease on the S1 destabilization. All three mutants presented the same resistance to formate. In the wild type 20 m~ formate inhibited 50 to 60% of PSII activity, whereas in the mutants the maximum inhibition observed was 30%.
We propose that the region between Ile24s and Alaz5, is buried in the membrane just between helices IV and V and that it divides the hydrophilic loop into two sections. One involved herbicide and quinone binding, and the other'one was accessible to soluble proteases (similar to trypsin) and may be involved in D, degradation in vivo. Moreover, any bulky amino acid in site 251 may cause a separation between the helices, which might influence the other side of the membrane.
CONCLUSION
Alaz5, is a key amino acid in the structure of the loop between helices IV and V of D,. Modification of this amino acid causes important changes in the stability of the S states and photoinhibition and decreases the affinity-binding constant of Q B for its site. The role of this amino acid will be further studied in a series of mutants obtained by directed mutagenesis.
